SUMMARY
INTRODUCTION
The insulin-like growth factor (IGF) system includes the growth hormones IGF-I, IGF-II, their corresponding receptors and the IGF binding proteins (IGFBPs). This system has been extensively studied in mammals (reviewed by Stewart and Rotwein, 1996; LeRoith et al., 2001) . IGF-I and IGF-II are conserved polypeptides that are expressed as pre-prohormones consisting of A, B, C, D and E domains, with the E domain removed by a proteolytic processes to yield the mature IGF-I peptide. IGFs have multiple functions and are necessary for normal development and survival controlled via endocrine and autocrine/paracrine pathways Baker et al., 1993) . Circulating levels of IGFs are primarily determined by their secretion from the liver under the control of the pituitary/growth hormone axis (LeRoith et al., 2001 ). Both IGF-I and IGF-II are synthesised locally in numerous tissues including skeletal muscle where an IGF-I splice variant is induced in response to mechanical stimuli (Yamaguchi et al., 2006) . IGF-I expression in skeletal muscle has also been shown to respond to hormones (Bonaventure et al., 2002) while IGF-II mRNA expression is regulated by mTOR and amino acid availability in C2C12 myoblasts (Erbay et al., 2003) .
In addition, IGF-I and IGF-II promote growth by stimulating the proliferation and differentiation of skeletal muscle satellite cells as well as stimulating the hypertrophy of mature muscle cells. Stimulation of the cellular responses to IGF-I is mediated through the IGF-I receptor, a member of the tyrosine kinase family. Both IGF-I and IGF-II are able to bind the IGF-I receptor, leading to the activation of multiple signal transduction cascades including the PI3/AKT/mTOR and MAP kinase pathways, and so to cell proliferation (Engert et al., 1996) , survival and differentiation (Jones and Clemmons, 1995; Duan et al., 2000; Coolican et al., 1997) . The IGF-II receptor is identical to the mannose 6-phosphate receptor. This receptor does not possess any tyrosine kinase activity and its function remains unknown, although recently an IGF2R signalling cascade was identified that results in hypertrophy of cardiac myoblast cells (Chu et al., 2008) . Also, binding of IGF-II to the type 2 receptor has been shown to lead to degradation of the ligand, resulting in stabilisation of IGF concentrations (Boker et al., 1997) .
The availability of IGFs is regulated by the insulin-like growth factor binding proteins (IGFBPs) . The IGFBPs are a family of secreted proteins with high affinity for IGFs, and six distinct IGFBPs have been characterised in several mammalian species (Clemmons, 2001; Duan, 2002; Firth and Baxter, 2002) . Different tissues express different IGFBPs at various developmental stages, and the IGFBPs are thought to protect IGFs from proteolytic degradation. Expression of IGFBPs in skeletal muscle has been shown to be regulated by hormones (Awede et al., 2002) and mechanical stimulation (Awede et al., 1999) . The IGFBPs have a higher affinity for the ligand than does the receptor (Clemmons, 1998) ; thus IGFBPs limit the availability of IGF-I to bind with its receptor. Some IGFBPs contain domains that can bind other proteins such as cell surface proteins and proteins present in the extracellular matrix (ECM) (Jones et al., 1993a; Jones et al., 1993b) . Binding to these proteins results in a reduction in the affinity of IGFBPs for IGF-I. In this way, IGF-I can be targeted to particular tissues, and to particular cell types within those tissues. The targeted degradation of IGFBPs by specific proteases can also lead to the release of IGF-I (Jones et al., 1993a) , again allowing IGF-I to be targeted to particular tissues (Smith et al., 2001) . As well as having a role in regulating IGF-I availability, some IGFBPs have been shown to possess regulatory activity independent of ligand binding. For example, an IGFBP-5 proteolytic fragment with limited capacity to bind IGF-I stimulated osteoblast mitogenesis (Andress and Birnbaum, 1992; Andress et al., 1993) , and administration of recombinant human IGFBP-5 osteoblast clones derived from IGF-I knockout mice increased proliferation and increased the activity of the osteoblast differentiation marker alkaline phosphatase (Miyakoshi et al., 2000) .
For muscle growth to occur, myogenic signalling pathways need to be induced. Myogenesis is a multi-step process that produces new muscle fibres through the fusion of myoblasts to form short myotubes (hyperplasia), and contributes new cells that are able to fuse to existing muscle fibres (hypertrophy) from myogenic precursor cells (Johnston, 2006) . The signalling pathways controlling vertebrate myogenesis have been extensively studied, with genes involved in each of these steps identified. Late markers of myogenesis include the transcription factor myogenin, involved in the initiation and stabilisation of the differentiation programme, and the myofibrillar proteins myosin heavy chain and myosin light chain 2. By monitoring the expression patterns of these marker genes, the effect that nutritional status has on muscle growth can be determined.
In fish, it appears that the IGF signalling pathway is a conserved system with orthologues of mammalian IGFs, IGFBPs and IGF receptors identified and shown to function in growth, reproduction and osmoregulation (reviewed by Wood et al., 2005a) . Through the use of morpholino gene knockdown experiments, it has been shown that IGFBP-2 is involved in cardiovascular development in zebrafish embryos (Wood et al., 2005b) and IGFBP-3 is involved in pharyngeal skeleton morphogenesis (Li et al., 2005) , while IGFBP-1 restricts IGF-stimulated growth and development processes under hypoxic stress (Kajimura et al., 2005) . Due to physiological differences between ectothermic fish and homeothermic mammals, it is likely that the IGF system is differently regulated. For example, the duration of increased oxygen consumption following a single meal is a few hours in mammals, compared with 2-10 days in teleosts depending on temperature (Johnston and Battram, 1993) . Furthermore, unlike mammals, many teleost species can undergo long periods of fasting in their natural environment associated with seasonal changes in water temperature and prey availability. In addition, early in teleost evolution, around 320-350 million years ago, a whole genome duplication event occurred (Amores et al., 1998; Jaillon et al., 2004 ) so the IGF system in teleosts is likely to be further complicated by the presence of gene paralogues. For example, in zebrafish there are two IGF-I receptors, IGFR1a and IGFR1b (Maures et al., 2002) , whereas only one receptor is present in mammalian species. This situation is further complicated in salmonids, as the teleost whole genome duplication was followed by an additional duplication event specifically within the salmonid lineage 25-100 million years ago (Allendorf and Thogaard, 1984) . These duplication events have resulted in the presence of up to four salmonid paralogues for each mammalian gene. It has been estimated that only 50% of the duplicated genes have subsequently been lost from the genome (Bailey et al., 1978) with retained paralogues able to undergo subfunctionalisation leading to altered expression (e.g. Macqueen and Johnston, 2008) .
Only limited information is available on the nutritional regulation of the various components of the IGF signalling pathway in fish.
Starvation and refeeding experiments have been used as the model system to study the regulation of muscle growth in fish. We propose a variation to this method whereby fish are maintained at zero growth and are then fed to satiation with a high protein diet. This experimental protocol benefits from the fact that the fish do not undergo such profound changes in metabolism as they do during starvation, and thus an increase in the net flux through anabolic pathways is more likely to be observed, rather than the dramatic switch from the catabolic to the anabolic state. The first aim of the present study was to completely characterise the IGF system including retained paralogues, and examine gene expression during the transition from a state of zero growth to fast growth. The second aim was to test the hypothesis that IGFBPs and their paralogues show differential regulation with feeding.
MATERIALS AND METHODS Animals and experimental design
One-hundred and ten Atlantic salmon (Salmo salar L., 840±152 g, mean ± s.d., N=110) were individually passive induced transponder (PIT) tagged (Fish Eagle, Lechlade, Gloucestershire, UK) and fed a maintenance diet (25% normal ration) to achieve a zero or slightly negative growth rate. Growth was measured as the thermal growth co-efficient, TGC=[(M 2 0.333
ϫ1000], where M 1 and M 2 are start and final body masses, respectively, and degree days values are the sum of the temperature values (in °C) for each day of the experiment. Fish were reared in tanks with an average temperature of 7.8°C, 13.96 mg l -1 oxygen and average salinity of 28.9 p.p.m. Zero growth was achieved over a period of 22 days, and then fish were fed to satiation with a commercial feed (EWOS Innovation) for 60 days. Sampling of fish occurred at 0, 3, 5, 7, 14, 30 and 60 days with 10 fish sampled at each time point. Fish were humanely killed following Schedule 1 of the Animals (Scientific Procedures) Act 1986 (Home Office Code of Practice. HMSO: London January 1997) and individual mass and fork lengths measured. Fast muscle was dissected from the dorsal myotome between 0.6 and 0.7 standard length (tip of snout to last vertebrae). Tissues were snap frozen in liquid nitrogen and stored at -80°C until analysed.
RNA extraction and cDNA synthesis
Total RNA was extracted by addition of 100 mg of muscle or liver to Lysing matrix D (Qbiogene, Irvine, CA, USA) with 1 ml TRI Reagent (Sigma, Gillingham, Dorset, UK) and homogenised using a Fast Prep instrument (Qbiogene). Total RNA was quantified based on absorbance at 260 nm. Genomic DNA contamination was removed by treatment with Turbo DNA-free (Ambion, Austin, TX, USA), and the integrity of the purified RNA was confirmed by agarose gel electrophoresis. First strand cDNA was synthesised from 1 μg total RNA using Superscript III (Invitrogen, Carlsbad, CA, USA) as per the manufacturer's guidelines.
PCR amplification and cloning of genes encoding IGF-I, IGF-II and IGFBPs
Primers to amplify the coding sequence for each of the IGFBPs and IGF-I and IGF-II were designed based on EST sequences and previously published sequences and are listed in 
Quantitative PCR
Quantitative PCR (qPCR) was performed using a Stratagene MX3005P QPCR system (Stratagene, La Jolla, CA, USA) with SYBR green chemistry (Power SYBR, Applied Biosystems). cDNA used in qPCR assays was first diluted 80-fold. Each qPCR reaction mixture contained 7.5 μl 1ϫPower SYBR green master mix, 6 μl cDNA (80-fold dilution), 500 nmol l -1 each primer and RNAse-free water to a final volume of 15 μl. Amplification was performed in duplicate in 96 well plates (Stratagene) with the following thermal cycling conditions: initial activation 95°C for 10 min, followed by 40 cycles of 15 s at 95°C, 30 s at 60°C and 30 s at 72°C. Dissociation analysis of the PCR products was performed by running a gradient from 60 to 95°C to confirm the presence of a single PCR product. Products were also sequenced to confirm their identity. A dilution series made from known concentrations of plasmid containing the PCR inserts was used to calculate absolute copy numbers for each of the genes examined.
Standards for calculating absolute copy number for each gene were prepared by cloning the PCR product from each primer pair into a T/A pCR4-TOPO vector (Invitrogen) and transformation of chemically competent TOP10 Escherichia coli cells (Invitrogen). Individual colonies were grown and plasmids purified using the Fastprep plasmid purification method (Eppendorf). The concentration of each plasmid was calculated based on absorbance at 260 nm, and a dilution series produced for calculation of copy number via qPCR.
Primers were designed using Net primer (Premier BioSoft) to have a T m of 60°C and, where possible, were designed to cross an exon-exon junction to avoid amplification of contaminating genomic DNA. The primers used for qPCR are listed in Table 2 . 
Data analysis
Genorm (Vandesompele et al., 2002) was used to analyse the stability of several housekeeping genes including 18S ribosomal, hypoxanthine phosphoribosyltransferase 1 (HPRT1), β-actin, RNA polymerase II and elongation factor 1-α (EF1-α). Analysis revealed EF1-α, β-actin and RNA polymerase II to be the most stable genes in this experimental system (M=0.27), thus the geometric average of these genes was used for normalisation of qPCR data, and gene expression values are displayed as arbitrary units. Statistical analysis was performed using minitab (Minitab, State College, USA). Significant differences in expression between time points were calculated by ANOVA using Fisher's individual error rate post hoc tests. Correlations in gene expression were calculated using linear regression.
Bioinformatics
Predictions for size, isoelectric point (pI) and potential Nglycosylation sites were performed from deduced amino acid sequences using the ExPaSy proteomics server of the Swiss Institute of Bioinformatics (http://www.expasy.ch). Multiple amino acid alignments were performed using T-coffee clustal W software (Notredame et al., 2000) . Graphical representation and clustering analysis of gene expression data were performed using Permutmatrix (Caraux and Pinloche, 2005) .
RESULTS

Characterisation of Salmo salar IGF-I and IGF-II
The deduced amino acid sequence of the full-length preproIGF-I cDNA (EF432852) contains 176 amino acids and consists of a 44 amino acid signal peptide, a 70 amino acid mature peptide and a 62 amino acid E peptide. The mature peptide of Atlantic salmon IGF-I has 80% identity with human IGF-I and 94.4% identity with zebrafish orthologues, whereas the preproIGF-I has 64% and 74% identity with human and zebrafish preproIGF-I, respectively. Atlantic salmon IGF-II (EF462854) deduced amino acid sequence contains 214 amino acids and consists of a 47 amino acid signal peptide, a 70 amino acid mature peptide and a 97 amino acid E peptide. PreproIGF-II has 50.6% and 61.1% identity while the mature peptide has 83.3% and 76.8% identity with human and zebrafish orthologues, respectively.
Characterisation of Salmo salar IGFBPs
IGFBP-1
The coding sequence of IGFBP-1 (EF432856) is 735 nucleotides in length and encodes a protein of 245 amino acids with a putative molecular mass of 26.5 kDa and pI of 6.58. The amino acid sequence contains 18 cysteines and a signal peptide of 25 amino acids, and has 39.2% and 59.6% identity with human and zebra fish orthologues, respectively. The Salmo salar IGFBP-1 sequence does not contain the RGD integrin recognition moitif found in mammalian IGFBP-1. Predicted phosphorylation sites within the amino acid sequence are at six serine, three threonine and one tyrosine residue (Fig. 1 ).
IGFBP-2 paralogue 1
The coding sequence of IGFBP-2.1 (EF432858) is translated into a protein of 280 amino acids with 19 cysteine residues and a 22 amino acid signal peptide. Paralogue 1 has 50.7% and 76.6% identity with human and zebrafish IGFBP-2, respectively. The amino acid sequence has an estimated mass of 31.1 kDa, a putative Nglycosylation site at position 262 and predicted phosphorylation sites at eight serine, five threonine and two tyrosine residues. Similar to IGFBP-2 of mammals, the IGFBP-2.1 protein contains a C-terminal RGD motif (Fig. 1 ).
IGFBP-2 paralogue 2
The Atlantic salmon IGFBP-2 paralogue 2 nucleotide sequence (EF432860) encodes a protein of 283 amino acids in length, with a molecular mass of 31.6 kDa and a pI of 6.03. IGFBP-2.2 has 59.6% identity with IGFBP-2.1, and differs from IGFBP-2.1 in having three predicted N-glycosylation sites at positions 46, 112 and 258, 20 cysteine residues and a signal peptide of 23 amino acids. Comparison with human and zebrafish IGFBP-2 shows identity of 43.3% and 55.4%, respectively, and 60.0% identity with zebrafish IGFBP-2b (NP001119936). The amino acid sequence has several predicted phosphorylation sites, at five serine, six threonine and one tyrosine residue. Like the IGFBP-2.1, this protein also contains a C-terminal RGD motif (Fig. 1) .
IGFBP-4
IGFBP-4 (EU861007) encodes a protein of 264 amino acids with an estimated molecular mass of 28.7 kDa and a pI of 6.93 and contains 22 cysteine residues (Fig. 1) . The amino acid sequence has 59.8% identity with human IGFBP-4, is not predicted to undergo N-glycosylation but has predicted phosphorylation sites at seven serine, two threonine and one tyrosine residue.
IGFBP-5
Blast searches revealed the presence of at least three paralogues of IGFBP-5. We have cloned and obtained full-length coding sequences for two IGFBP-5 paralogues.
IGFBP-5 paralogue 1
The 270 amino acid IGFBP-5 paralogue 1 (IGFBP-5.1, EF432862) has a predicted molecular mass of 29.8 kDa and a pI of 8.55, and is most similar (96.3% identity) to the previously reported rainbow trout IGFBP-5 . This paralogue has 55.1% and 81.3% identity with human and zebrafish orthologues, contains a putative nuclear localisation signal and is predicted to bind to DNA. It also has 19 cysteine residues and a 20 amino acid signal peptide, with predicted phosphorylation sites at six serine, one threonine and three tyrosine residues. Similar to mammalian IGFBP-5, the Salmo salar IGFBP-5 contains a heparin binding site (FKRKQCKP) at positions 222-229 (Fig. 1) .
IGFBP-5 paralogue 2
IGFBP-5.2 (EU861009) encodes a protein of 268 amino acids with a predicted molecular mass of 29.5kDa and a pI of 9.1. Unlike IGFBP5.1, this paralogue does not contain a nuclear localisation signal or DNA binding motif. IGFBP-5.2 has 72.4% identity to IGFBP-5.1, and 48.9% and 70.2% identity to human and zebrafish orthologues. Like paralogue 1, the C-terminus of IGFBP-5.2 also contains a heparin binding site (FKHKQCKP) at positions 222-229 (Fig.1 ).
IGFBP-6
The coding sequence for IGFBP-6 (EF432864) encodes a protein of 199 amino acids, with an estimated molecular mass of 21.5 kDa, containing 14 cysteines and a 24 amino acid signal peptide. IGFBP-6 contains a putative heparin binding site, YRKKQCRS, at amino acids 158-166 (Fig. 1) .
IGFBP-related protein 1
The IGFBP-related protein 1 (IGFBP-rP1) coding sequence (EF432866) encodes a protein of 263 amino acids, with an estimated molecular mass of 27.6 kDa and a pI of 7.35, and contains 18 cysteine residues and an 18 amino acid signal peptide. This sequence, which has 56.3% identity with human IGFBP-7, contains a putative N-glycosylation site at position 154 and has predicted phosphorylation sites at 11 serine, eight threonine and eight tyrosine residues (Fig. 1) .
Growth model
Prior to the first sample being taken, fish were fed a maintenance diet for 21 days such that net growth relative to day 0 was zero or slightly negative as shown in Fig. 2 (TGC=-0.26±0.4, mean ± s.d., N=10). After feeding, early TGC calculations are unreliable as the food present in the gut will give a false indication of growth.
Comparing growth rates of the fish at later time points provides a more reliable indicator of growth. At 3 and 5 days, there was an increase in mass of 41.8±14.1 g and 66.5±15.4 g, respectively, contributed by food in the gut. At 7 days, there was an increase in mass of 106.5±25.6 g, which was probably due to the presence of food in the gut and the presence of digested food in the bowel, with a small amount due to growth. If we subtract the 106.5 g contributed by food and digested food observed for 7 days from the 14, 30 and
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Effect of nutritional status on IGF-system genes IGF-I and IGF-II expression
Expression of IGF-I was modulated by the nutritional status of the fish, with IGF-I expression increasing in response to feeding. Significant upregulation of IGF-I mRNA occurred at 3, 5, 14 (P<0.05), 30 and 60 days (P<0.01) following the switch to satiation feeding. There appear to be two peaks in IGF-I expression with the first occurring at 3 and 5 days, and the second occurring at 14 and 30 days (Fig. 3) . Expression of IGF-II was significantly reduced in response to feeding at all time points (P<0.05; days 5, 7, 14 and 60, P<0.01) with the greatest decrease observed at 7 days followed by a gradual increase with continued feeding (Fig. 3) .
IGF receptors
In common with zebrafish, the Atlantic salmon genome contains two IGF-I receptors, designated IGFR1a and IGFR1b. Expression of IGFR1a was downregulated at all time points in response to feeding (Fig. 3) , with significant downregulation observed at 3, 14, 30 and 60 days (P<0.05). Expression of IGFR1a was negatively correlated with IGF-I expression (r 2 =0.72, P=0.016). In contrast, the expression of IGFR1b was not significantly changed in response to feeding (Fig. 3) .
Expression levels of the IGF-II receptor IGF2R were significantly decreased in response to feeding from 3 days (P<0.05); the lowest expression was observed at 7 days followed by a gradual increase with continual feeding, although values remained below those at 0 days (Fig. 3) . Expression of IGF2R was positively correlated with IGF-II expression (r 2
=0.73, P=0.015).
IGF binding proteins IGFBP-1 IGFBP-1 expression was not detected in fast skeletal muscle, but was found in liver (data not shown). obtained at 14 days and remaining at that level with continued feeding. Expression of IGFBP-2 paralogue 2 was significantly downregulated at 5 and 60 days in response to feeding, with expression at all other time points close to 0 day values (Fig. 4) .
IGFBP-4
Expression of IGFBP-4 was significantly upregulated (P<0.001) at all time points after feeding (Fig. 4) and was positively correlated with IGF-I expression (r 2 =0.62, P=0.036).
IGFBP-5
Of the two IGFBP-5 paralogues, only expression of paralogue 2 was significantly modulated. Paralogue 2 was significantly upregulated at 3days (P<0.001) and downregulated at 7days (P<0.01; Fig.4 ).
IGFBP-6
IGFBP-6 expression was significantly downregulated at 5 days (P<0.01), but then increased with continued feeding to 0 day levels (Fig. 4) .
IGFBP-related protein 1
Expression of IGFBP-rP1 was significantly downregulated at 7 days (P<0.05; Fig. 4) , and was highly correlated with MLC2 gene expression (r 2 =0.93, P=0.0001).
Muscle-specific genes
The expression profiles of myogenin, myosin light chain and myosin heavy chain were measured as markers of myogenesis. Myogenin is one of the four myogenic transcriptional regulatory factors that function to initiate and stabilise the myogenic differentiation programme. MHC and MLC2 are polypeptide components of myosin, the most abundant contractile protein.
Expression of MHC was significantly downregulated at 5 and 7 days (P<0.01), with expression increasing for 14, 30 and 60 days to levels similar to that at 0 days (Fig. 5) . Myogenin expression was positively correlated with MHC expression (r 2 =0.79, P=0.007; Fig. 6F ) with significantly decreased expression observed at 3, 5 and 7 days, and an increased expression at 14, 30 and 60 days (significant relative to 3, 5 and 7 days, P<0.05, but still less than that at 0 days; Fig. 5 ). Expression of MLC2 was significantly increased at 14, 30 and 60days (P<0.05) relative to that at the start of feeding (0days; Fig.5 ).
DISCUSSION
IGFBP characterisation
We report here for the first time the nucleotide sequence for the IGFBPs from Atlantic salmon including paralogues for IGFBPs 2 and 5. Similar to the IGFBPs from mammals, the Atlantic salmon proteins contain cysteine-rich N-and C-terminal domains, a hinge domain lacking in cysteine residues and a characteristic thyroglobulin type I motif in the C-terminus (lacking in the IGFBP-rP1). The GCGCCXXC 'IGFBP' motif, characteristic of all mammalian IGFBPs apart from IGFBP-6, is present in all of the Atlantic salmon IGFBPs with the exception of IGFBP-6 and IGFBP-rP1. The CVCW motif, which is clearly implicated in IGF-I binding (Baxter, 2000) , is present in all the Atlantic salmon sequences, with the exception of IGFBP-rP1. It is likely that the IGFBP-rP1 in Atlantic salmon, in common with that in mammals, has only weak affinity for IGF-I.
IGFBPs have a higher affinity for IGFs than do the IGF receptors responsible for IGF-mediated signalling. For IGFs to bind their receptors, the IGF needs to be released from the binding protein (Clemmons, 1998) . Binding of IGFBPs to various proteins has been shown to cause a decrease in their affinity for IGF-I; for example, binding of IGFBP-5 to the ECM results in an 8-fold reduction in its affinity for IGF-I, and may be required to potentiate the actions of IGF-I (Clemmons, 1998) . Both Atlantic salmon IGFBP-2 paralogues contain RGD motifs, implicated in binding integrins, while both IGFBP-5 paralogues and IGFBP-6 contain a heparin binding motif implicated in binding to glycosaminoglycan sidechains of proteins of the ECM and cell surfaces. IGFBP-4 does not contain any putative binding motifs, and like its mammalian orthologue is likely to require proteolytic cleavage to potentiate the effects of IGF-I.
IGF signalling during feeding
This study reports the expression profiles for components of the IGF system during a transition from zero growth to fast growth in Atlantic salmon over a period of 60 days. Examination of the expression patterns of genes involved in the IGF signalling pathway can enable identification of the key components regulating skeletal muscle growth in Atlantic salmon.
In order to examine the modulation of the IGF system during muscle growth, fish were fed a restricted diet for a period of 21 days, to achieve zero or slightly negative growth rate prior to feeding, and then fed to satiation. Glencross has discussed the advantages of a restricted feeding model to better detect nutritional effects (Glencross et al., 2003) . Increased mass (calculated with food in the gut subtracted) for 14 (43.5 g), 30 (254 g) and 60 days (580 g) can be considered to be due to growth. The TGCs (calculated following adjustment for the mass of food in the gut) for fish at 14, 30 and 60 days were 1.4, 3.6 and 3.4, indicating that maximum growth rates are achieved between 14 and 30 days post-feeding.
Fish switching between zero and fast growth showed increased expression of IGF-I in fast skeletal muscle as previously reported Chauvigne et al., 2003) . The response to feeding in muscle was observed as early as 3 days after feeding, with expression levels exceeding that at day zero with continued feeding. During the transition from zero to fast growth, there were two peaks in IGF-I expression, the first at 3 and 5 days, and the second at 14 and 30 days. This second peak at 14 and 30 days in IGF-I expression occurred at the same time as the peak in MLC2, MHC and myogenin expression, which has also been observed in refeeding experiments using trout Chauvigne et al., 2003) . Musaro and Rosenthal suggest that IGF-I is involved in post-mitotic growth and is required for maturation of the myogenic programme (Musaro and Rosenthal, 1999) . The second peak in IGF-I expression may represent a marker for the resumption of myogenesis as indicated by the corresponding peak in MLC2, MHC and myogenin expression. Expression of the muscle-specific genes myogenin and MHC initially decreased in response to feeding and values were lower at 60 days than at 0 days. If we consider the fish sampled at 60 days to represent steady-state fast growth for this diet, it can be postulated that expression had increased during feed restriction. Montserrat and colleagues found that expression of myogenin increased after 4 weeks of fasting (Montserrat et al., 2007) . They suggest that in this situation, myogenin may play a role in muscle maintenance. Similar findings of decreased expression of MHC in response to refeeding have been reported for rainbow trout (Oncorhynchus mykiss) (Johansen and Overturf, 2006) . Svanberg and colleagues observed that MHC mRNA expression was elevated during starvation and reduced after feeding in human skeletal muscle, suggesting that the increased expression of myosin during periods of starvation facilitates rapid recovery of myofibrillar protein with feeding (Svanberg et al., 2000) . It should be noted that, in the current experiment, the primers used to amplify MHC were designed to a conserved region of the gene and could potentially amplify multiple isoforms of MHC. An increase in expression of MHC, MLC2 and myogenin relative to that at 3, 5 and 7 days was observed from day 14 onwards, suggesting that from 14 days, late differentiation of the myogenic programme is occurring. These increases in expression at 14 days onwards correspond to gains in body mass (Fig. 2) .
IGF-II levels were decreased in response to feeding as reported in rainbow trout (Montserrat et al., 2007) . Chauvigne and colleagues found that expression of IGF-II in trout fast muscle increased during refeeding after a period of starvation (Chauvigne et al., 2003) and Hevrøy and colleagues found increased IGF-II expression in Atlantic salmon fed increased lysine (Hevrøy et al., 2006) . Differences in the response observed could be due to differences in developmental stage and/or the different treatments prior to feeding. The downregulation of IGF-II in response to feeding was associated with a downregulation in IGF-II receptor (IGF2R) expression. Since the function of this receptor is yet to be identified, the significance of this finding is unknown. IGF2R has been reported to target ligands for degradation via the lysosomal pathway, indicating that a downregulation of this receptor could increase the availability of IGF-II to bind with the IGF-I receptors and could constitute a further level of regulation mediating cross-talk between different signalling cascades. It is interesting to note that the expression of IGF-II and IGF2R was correlated, suggesting that these genes are co-regulated or that some form of feedback regulation occurs for this pathway, which could stabilise IGF-II protein levels. Analysis of IGF-II protein levels by western blotting in future experiments could be used to determine whether the decrease in expression of the receptor leads to an increase in IGF-II levels.
In response to feeding, IGFR1a expression was significantly decreased. Similar observations have been reported in trout for IGFR1a (Chauvigne et al., 2003) and IGFR1b (Montserrat et al., 2007) , and have also been reported in mammals, where the IGFR expression increased during fasting in rat muscle (Lowe et al., 1989) . This suggests that during periods of low food intake, increased sensitivity to IGF-I in muscle is achieved through increasing the abundance of IGF-I receptors. Expression of IGFR1a was negatively correlated with IGF-I expression, suggesting that in Atlantic salmon a similar situation occurs to that in mammals, where IGF-I has been shown to decrease IGF-I receptor mRNA levels in a muscle cell line (Hernandez-Sanchez et al., 1997) . The change in expression in response to feeding observed for IGFR1a was not seen with IGFR1b. These differences in expression suggest that these two genes have evolved distinct cis-regulatory elements with only IGFR1a being responsive to nutrition.
Expression of the IGFBPs was examined in response to nutrition, with the expression of several IGFBPs found to be modulated by feeding. IGFBP-related protein 1 has recently been cloned in rainbow trout , and has been reported to be differentially regulated in response to feeding with expression correlated with that of IGF-I. In contrast, the Atlantic salmon orthologue did not show any differential expression in response to feeding apart from a transient downregulation at 7 days but, intriguingly, its expression was highly correlated with that of MLC2, suggesting some level of co-regulation. Considering the overall lack of response to feeding, along with the absence of the CWCV motif required for high affinity IGF-I binding, it appears unlikely that IGFBP-related protein 1 participates in IGF-I signalling.
Similar to previous findings , IGFBP-1 expression was not detected in muscle but was expressed in liver (data not shown). IGFBP-2 paralogue 1 levels were significantly downregulated from days 14 to 60. IGFBP-2 has been demonstrated to inhibit IGF-I-stimulated cell proliferation and DNA synthesis, and is considered to be a negative regulator of growth (Duan et al., 1999) . In zebrafish, expression increased during starvation and was reduced by growth hormone treatment (Duan et al., 1999) . The downregulation of IGFBP-2.1 during the period of rapid growth from 14 days onwards in the present study is likely to be the result of an increased availability of IGF-I to the IGF-I receptor.
IGFBP-2 paralogue 2 is the orthologue of the previously misnamed rainbow trout IGFBP-3 as also suggested by Rodgers and colleagues (Rodgers et al., 2008) . Based on the low amino acid sequence homology between IGFBP-2 paralogues 1 and 2, and preliminary phylogenetic analysis (D. J. Macqueen, personal communication) , it is likely that these two sequences diverged early after the teleost whole genome duplication. Consistent with this, the expression patterns of the two genes were quite dissimilar, with paralogue 2 not responding to feeding, suggesting that expression of IGFBP-2 paralogue 2 does not contribute to muscle growth regulation in Atlantic salmon.
It is interesting that of all the IGFBPs examined, only IGFBP-4 expression was constitutively upregulated following feeding. In mammals, IGFBP-4 is thought to inhibit the mitogenic properties of IGF-I, although this has yet to be confirmed in fish. Considering the overall homology of 55% with mammalian IGFBP-4, it is quite possible that the fish protein possesses some other biological activity. Expression of IGFBP-4 was correlated with that of IGF-I, and IGFBP-4 expression was the highest of all the binding proteins measured in fast muscle. IGFBP-4 is also known to be highly expressed in mammalian connective tissue (Boes et al., 1992; Jennische and Hall, 2000) . Knudtson and colleagues reported that a C-terminal basic region of 20 amino acids was required for targeting the rat IGFBP-4 to connective tissue (Knudtson et al., 2001 ). There is 75% identity between the rat and salmon sequences in this 20 amino acid region (CDKNGDFHAKQCQPARDGQR), suggesting that in salmonids IGFBP-4 is also targeted to connective tissue. Although IGFBP-4 may be targeted to the connective tissue, its contribution to muscle growth should not be overlooked. Muscle is a complex tissue made up of several cell types that must be coordinately regulated during growth. The ECM (connective tissue) has been found to control the development and cellular metabolism of muscle fibres (Fisher and Rathgaber, 2006) . The importance of the ECM in regulating muscle growth and differentiation has been highlighted. For example expression of myogenin alone was not sufficient for the formation of skeletal muscle, with ECM being required to allow complete differentiation of cultured skeletal muscle cells (Osses and Brandan, 2002; Massague et al., 1986) . Contained within the ECM is the basement membrane, which appears to play a role as a guide for newly forming myotubes (Fisher and Rathgaber, 2006) . Further analysis of IGFBP-4 expression in fish species should elucidate its tissue localisation as well as growth inhibitory/promotion properties. Crucially, the expression of the IGFBP-4 protease has not been examined, and has yet to be identified in salmonids. This protease has been found to be coregulated with IGFBP-4 expression in rat, thereby allowing the targeted release of IGF-I for binding to the IGF-I receptor (Smith et al., 2001) .
IGFBP-5 has been shown to stimulate mitogenesis in other species, although it is worth noting that in this experiment it was the IGFBP-5.2 paralogue that was upregulated in response to feeding and this protein lacks a nuclear localisation signal and DNA binding motif. Interestingly, the ligand-independent actions of IGFBP-5 have been reported to arise from the C-terminal fragment of the peptide. Given that the DNA binding motif is located in the C-terminus of IGFBP-5.1, it seems unlikely that the C-terminus of paralogue 2 possesses mitogenic activity. The salmonid IGFBP-5 paralogues, like their mammalian counterparts, contain a heparin binding motif. Heparin binding motifs are present in proteins that bind to glycosaminoglycan side-chains of many cell surface and ECM proteins. In mammals, to potentiate the actions of IGF-I, it is necessary for IGFBP-5 to bind to the ECM (Clemmons, 1998) . Like IGFBP-4, salmonid IGFBP-5 could also target IGF-I to the ECM, suggesting that regulation of the ECM could be a key component in the resumption of muscle growth. The difference in expression patterns between paralogues 1 and 2 suggests that these genes have subfunctionalised, with paralogue 2 retaining cis-regulatory elements responsible for regulation by nutrition in muscle.
IGFBP-6 expression was significantly downregulated at day 5. IGFBP-6 in mammals has a low affinity for IGF-I, with a 20-to 100-fold binding preference for IGF-II, leading to the assumption that it is a regulator of IGF-II (Bach, 2005) . IGFBP-6 has been found to inhibit the action of IGF-I (Duan and Xu, 2005) , and has also been found to inhibit cell proliferation (Bach, 2005) . After 5 days, IGFBP-6 returns to levels observed at day zero.
In conclusion, as well as characterising components of the IGF signalling system, namely IGF-I, IGF-II, IGFBPs 1, 2, 4, 5 and 6, and IGFBP-rP1, from Atlantic salmon, this paper reports the characterisation of two IGFBP paralogues. We have demonstrated that the IGFBPs and their paralogues are differentially regulated with nutritional status, highlighting the need to identify and characterise gene paralogues in salmonids. Our results suggest that during times of nutrient restriction, sensitivity to IGF-I in muscle is increased through the increased abundance of IGFR1a. We have shown that the transition from zero to fast growth is marked by a constitutive upregulation of IGF-I and IGFBP-4, with constitutive downregulation of IGFBP-2.1. It is plausible that upregulation of IGFBP-4 targets IGF-I to the ECM, constituting a necessary step for muscle growth, and this hypothesis is worth further investigation.
